Sample Entropy (SampEn) is a nonlinear regularity index that requires the a priori selection of three parameters: the length of the sequences to be compared, m, the patterns similarity tolerance, r, and the number of samples under analysis, N . Appropriate values for m, r and N have been recommended and widely used in the literature for the application of SampEn to some physiological time series, such as heart rate, hormonal data, etc. However, no guidelines exist for the selection of that values in other cases. Therefore, an optimal parameters study should be required for the application of SampEn to not previously analyzed biomedical signals. In the present work, a thorough analysis on the optimal values for m, r and N is presented within the context of atrial fibrillation (AF) organization estimation, computed from surface electrocardiogram recordings. Recently, the evaluation of AF organization through SampEn, has revealed clinically useful information that could be used for a better treatment of this arrhythmia. The present study analyzed optimal SampEn parameter values within two different scenarios of AF organization estimation, such as the prediction of paroxysmal AF termination and the electrical cardioversion outcome in persistent AF. As a result, interesting recommendations about the selection of m, r and N , together with the relationship between N and the sampling rate (f s ) were obtained. More precisely, (i) the proportion between N and f s should be higher than one second and f s ≥ 256 Hz, (ii) overlapping between adjacent N -length windows does not improve AF organization estimation with respect to the analysis of non-overlapping windows, and (iii) values of m and r maximizing successful classification for the analyzed AF databases should be considered within a range wider than the proposed in the literature for heart rate analysis, i. e. m = 1 and m = 2 and r between 0.1 and 0.25 times the standard deviation of the data.
Introduction
The application of nonlinear regularity metrics to physiological signals is a valuable tool because "hidden information" related to underlying mechanisms can be obtained [1, 2] . To this respect, the employment of sample entropy (SampEn) to estimate non-invasively atrial fibrillation (AF) organization has revealed clinically useful information, which could be used for a better treatment of the arrhythmia [3] [4] [5] . The organization estimation of AF is a relevant aspect to improve its comprehension, since its mechanisms are still unexplained [6] despite of affecting up to 1% of the general population [7, 8] .
Given a time series with N data points, the a priori selection of two unknown parameters, m and r, is required to compute SampEn [2] . The parameter m determines the length of the sequences to be compared and r is the tolerance for accepting similar patterns between two segments. Although these parameters are critical in determining the outcome of SampEn, no guidelines exist for optimizing their values. Typically recommended m and r values are m = 1 and m = 2 and r between 0.1 and 0.25 times the standard deviation (SD) of the data [9] . This recommendation is largely based on the application of approximate entropy (ApEn) to relatively slow dynamic signals such as heart rate [1, 9, 10] and hormone secretion data [11] . Given that SampEn is a modified version of ApEn to solve its shortcomings, such as bias, relative inconsistency and dependence on the sample length [2] , these values are also applicable to SampEn.
However, a recent work has demonstrated that the typically recommended values for ApEn are not always appropriate for fast dynamic signals [12] . As a consequence, since only few values, within the range suggested in the literature [9] , were tested in the previous works where SampEn was applied to AF organization estimation [3] [4] [5] , the main goal of the present study is to carry out an in depth analysis on SampEn parameters able to achieve optimized classification of AF events which are directly dependent on AF organization. Thus, several combinations of m and r, over a range wider than the one typically recommended, together with the number of analyzed samples, N , and the overlapping effect between adjacent N -length windows have been analyzed. Additionally, since in AF organization estimation, SampEn is applied to a time series that depends on the original ECG sampling rate (f s ), the relationship between N and f s is also addressed.
Due to the lack of a method able to generate AF signals with a priori controlled organization, the use of simulated signals is not possible. As a consequence, real AF signals with organizationdependent events were selected. Two different scenarios, such as the prediction of paroxysmal AF termination and the electrical cardioversion (ECV) outcome in persistent AF, in which organization plays an important role, as corroborated by invasive recordings [13] , were analyzed.
Materials
In the present work, two databases were used with the aim of providing general recommendations, for optimal SampEn computation, that are applicable to a wide range of AF studies in which organization has to be estimated, like ablation guiding or drug effects. Firstly, a set of paroxysmal (i.e., spontaneously terminating) AF recordings were analyzed to predict the termination of the arrhythmia and, secondly, a set of persistent AF recordings (i. e., requiring external intervention for termination) were studied to predict ECV outcome. The recordings belonging to each data set were sampled at different rates, as will be described in the next subsections.
Paroxysmal AF Database
Fifty Holter recordings of 30 seconds in length and two leads (II and V1) available in Physionet [14] were analyzed. The database included non-terminating AF episodes (group N), which were observed to continue in AF for, at least, one hour following the end of the excerpt, and AF episodes terminating immediately after the end of the extracted segment (group T). These signals were digitized at a sampling rate of 128 Hz and 16-bit resolution. Nevertheless, they were upsampled to 1024 Hz in order to allow better alignment for QRST complex subtraction, such as Bollmann et al suggested [13] .
This step is necessary to extract the atrial activity (AA) from surface ECGs, see section 3.1. A cubic splines interpolation method was used because it provided the best resolution (lower than 1 ms) in the R peak detection in comparison with other methods analyzed for the same purpose [15] . After the AA extraction, the residual signal was downsampled back to 128 Hz.
Persistent AF Database
Sixty-three patients (20 men and 43 women, mean age 73.35 ± 9.02 years) with persistent AF lasting more than 30 days, undergoing ECV were followed during four weeks. A standard 12-lead ECG was acquired for each patient during the whole procedure and a segment of 30 seconds in length was extracted from each recording for the analysis. All the signals were digitized at a sampling rate of 1024 Hz and 16-bit resolution.
After the ECV, 22 patients (34.93%) maintained normal sinus rhythm (NSR) during the first month. On the contrary, in 31 patients (49.20%), NSR duration was below one month and, in the remaining 10 (15.87%), AF recurred immediately after ECV. These 41 patients constituted the group of AF recurrence. All the patients were in drug treatment with amiodarone. The median arrhythmia duration was 10.58 months (range 1-47.22), echocardiography demonstrated a mean left atrium diameter of 45.82 ± 6.93 mm and 20.63% of the patients presented underlying heart disease. No significative differences were found in the aforementioned clinical parameters between the patients who maintained NSR and relapsed to AF.
Data Preprocessing
In both databases, lead V 1 was chosen for the analysis because previous works have shown that AA is prevalent in this lead [16] . The recordings were preprocessed in order to improve later analysis.
Firstly, baseline wander was removed making use of bidirectional high pass filtering with 0.5 Hz cutoff frequency [17] . Secondly, high frequency noise was reduced with an eight order bidirectional IIR Chebyshev low pass filtering, whose cut-off frequency was 70 Hz [18] . Finally, powerline interference was removed through adaptive notch filtering, which preserves the ECG spectral information [19] .
Methods

Strategy to estimate AF organization
The proper application of SampEn to the surface ECG in AF requires the fulfillment of several steps.
Firstly, the ventricular activity has to be removed making use of a cancellation technique. Next, the main atrial wave (MAW) has to be extracted from the AA and, finally, SampEn computation can be applied to this wave.
Regarding the first step, AA analysis from surface ECG recordings is complicated by the simultaneous presence of ventricular activity, which is of much greater amplitude. Whereby, the AA signal has to be firstly extracted. Although a variety of different techniques exist for this purpose, a QRST cancellation method was used, since only one lead was considered in the study. Thus, the highest variance eigenvector of all the ECG beats was considered as the ventricular template for the cancellation. This QRST template was selected because it provided a higher quality AA extraction in short AF recordings, such as the analyzed in this work, than the obtained by averaging all the beats [20] .
Nevertheless, since QRST morphology is affected by respiration, patient movement, etc., QRST residua and noise are often present in the extracted AA signal [16] . These nuisance signals degrade the AA organization estimation using non-linear regularity indexes, which provokes unsuccessful results [21] . To overcome this problem, the MAW has to be gained from the AA [21] . The MAW can be considered as the fundamental waveform associated to the AA, as Fig. 1 shows, its wavelength being the inverse of the AA dominant frequency [22] .
In order to extract the MAW, the AA power spectral density (PSD) was firstly computed using the Welch Periodogram. A Hamming window of 4096 points in length, a 50% overlapping between adjacent windowed sections and a 8192-points Fast Fourier Transform (FFT) were used as computational parameters, as suggested by previous works [23] . The highest amplitude frequency within the 3-9 Hz range was selected as the dominant atrial frequency (DAF) [22] , and the MAW was obtained by applying a selective filtering to the AA centered on the DAF. A linear phase FIR filter was used to prevent distortion [24] . The filter was designed by the Chebyshev approximation, with 3 Hz bandwidth and 768 coefficients, as detailed in previous works [3, 25] . Finally, SampEn was computed over the MAW in order to estimate AF organization.
Sample entropy definition
SampEn examines a time series for similar epochs and assigns a non-negative number to the sequence, with larger values corresponding to more irregularity in the data [2] . This number is the negative natural logarithm of the conditional probability that two sequences similar for m points remain similar for m + 1 points, within a tolerance r, excluding self-maches. Thus, for a time series of N points, 
Repeating the process for vectors of length m + 1, B m+1 (r) can be obtained and SampEn can be defined as
A more detailed description of SampEn, from a mathematical point of view, can be found in several previous works [2, 26, 27] .
Selection of N and f s
Previous works, in which heart rate and hormonal data regularity were analyzed [1, 9, 11, 28] , have shown that for m = 2, values of r from 0.1 to 0.25 times the SD of the data and values of N between 100 and 5000 samples produce good statistical validity of ApEn. Additionally, Pincus and
Goldberger [1] suggested that N should be at least 10 m and, preferably, at least 30 m when heart rate regularity is analyzed. However, this recommendation is not applicable to the case studied in this work, because the MAW length depends on the ECG sampling rate. To this respect, the selection of a specific number of samples N will stretch out more or less MAW information as a function of the sampling rate. Hence, for high fs, a low MAW time interval would be analyzed and the opposite also holds. As a consequence, the selection of a sampling rate, as the one defined by the Nyquist criterion,
is not a guarantee of accurate organization estimation in AF.
Determining the optimal value of N has important practical relevance. When small N values are used to compute SampEn, the estimates can be inaccurate, because they can present a large variance.
On the contrary, large N values may contain abrupt changes in amplitude that could result in inaccurate estimates due to normalization errors in the parameter r. However, it is noteworthy that N depends on f s , since N = T · f s , where T denotes the time interval (in seconds) on which SampEn is computed. Thereby, in addition to the optimal value of N , it is important to determine the most appropriate sampling rate for the MAW.
To obtain the optimal values of these parameters, the MAW sampling rate was varied and, for These values were chosen because they provided the best classification results in previous works dealing with AF organization estimation through SampEn [3] [4] [5] 25] . Additionally, the discriminative abilities for both predictions of paroxysmal AF termination and ECV result were calculated making use of the receiver operating characteristic (ROC) curves. The ROC curve is a graphical representation of the trade-offs between sensitivity and specificity. Sensitivity was considered as the proportion of non-terminating paroxysmal AF episodes correctly discerned, whereas specificity represented the percentage of terminating episodes properly identified for the spontaneous AF termination prediction.
Similarly, for the prediction of ECV outcome, sensitivity was the proportion of patients relapsing to AF appropriately classified and specificity was the percentage of patients resulting in NSR after ECV accurately predicted. The total number of paroxysmal AF patients and ECVs precisely classified was considered as the diagnostic accuracy corresponding to each prediction. As the number of episodes included into each database was not notably long, to evaluate the statistical robustness of the accuracy obtained for each prediction, a leave-one-out cross-validation scheme was used. Finally, significant differences between terminating and non-terminating AF episodes and between patients who resulted in NSR and relapsed to AF were evaluated making use of Student's t-test. All the groups had a normal and homoscedastic distribution as the Shapiro-Wilks and Levene tests proved, respectively.
A two-tailed value of p < 0.01 was considered statistically significant.
The MAW was downsampled or upsampled to 64, 128, 256, 512, 1024 and 2048 Hz. Since the original sampling rates were 128 Hz for paroxysmal AF and 1024 Hz for persistent AF, when interpolation was necessary, a method based on cubic splines was applied, as previously commented.
The results obtained through the described tests, which will be presented in section 4.1, showed that several combinations of N and f s provided good discrimination between terminating and nonterminating AF episodes and between patients who resulted in NSR and relapsed to AF after ECV.
Thereby, for several N and f s values, within the 30 seconds-length segment selected for each analyzed patient, the overlapping effect between adjacent N -length windows was tested on SampEn computation. Overlapping factors of 20%, 40%, 60% and 80% between adjacent windows were studied.
Selection of m and r
Once the optimal combinations of N and f s were obtained, the most adequate selection of m and r was investigated. The accuracy and confidence of SampEn estimate improves as the number of length m matches increases. The number of matches can be increased by choosing small m (short templates) and large r (wide tolerance). However, penalties appear when too relaxed criteria are used [28] . For smaller r values, poor conditional probability estimates are achieved, while for larger r values, too much detailed system information is lost and SampEn tends to 0 for all the processes.
To avoid a significant noise contribution on SampEn computation, one must choose r larger than most of the noise [28] . Overall, to get optimal m and r values, an approach similar to the developed by Lake et al [29, 30] was used. SampEn was computed using a 10 × 20 matrix of combinations of m = 1, 2, . . . , 10 and r = 0.05, 0.1, 0.15, . . . , 1 times the SD of the analyzed segment. Normalizing r to the SD of the analyzed segment provides a translation and scale invariance, in the sense that SampEn remains unchanged under uniform process magnification, reduction, or constant shift to higher or lower values [9] . For each combination, the SampEn mean and SD values corresponding to all the AF episodes were obtained. Sensitivity, specificity, accuracy and statistical significance were also computed for each prediction. Moreover, a leave-one-out cross-validation approach was applied to assess statistically the robustness of the diagnostic accuracy obtained for each combination of m and r. Tables 1 and 2 show the mean and SD of SampEn values obtained for terminating and non-terminating AF episodes when N and f s were selected as described in section 3.3. Similarly, Tables 3 and 4 present the corresponding information for persistent AF patients resulting in NSR and relapsing to AF after ECV. As can be appreciated for a given N , when f s increases, SampEn decreases. On the other hand, for a given f s of 256 Hz and above, Tables 1 through 4 show that SampEn increases when N also increases up to a reduced variation point. Thus, for higher N , very similar SampEn values were obtained. In fact, only variations lower than ±5% were observed. On the contrary, for f s of 128 Hz and below, variable behavior was noticed for each Table and no clear increasing tendency was observed. In addition, the value of N from which the limited increasing behavior was noticed was dependent on f s . Thus, for rates of 256, 512, 1024 and 2048 Hz, thereduced variation N values for SampEn were 240, 480, 960 and 1920, respectively.
Results
Selection of N and f s
The discriminative differences between subsets both for paroxysmal and persistent AF were mainly maintained for f s of 256 Hz and above. Indeed, a high predictive accuracy was provided, such as Fig. 2 shows. Precisely, for f s ≥ 256 Hz the lowest accuracy was 86% for paroxysmal AF and 73.02% for persistent AF, being 90% and 74.60% of cross-validated grouped cases correctly classified, respectively. In addition, statistical significant differences between patient groups were observed, given that a statistical significance lower than 0.01 was obtained for all the cases. On the contrary, for f s ≤ 128 Hz a limited predictive ability was obtained for the most part of combinations of N and f s . Moreover, in most of the cases, significant differences between groups were not noticed
It is also noteworthy that for N equal or higher than the reduced variation values for SampEn, the diagnostic accuracy presented a constant value of 92% for paroxysmal AF and 79.37% for persistent AF, which was higher than the obtained with lower N values for a given f s (see Fig. 2 ). In addition, a higher statistical significance (p < 0.0001) together with an identification accuracy of 96% and 82.54% of cross-validated grouped cases, respectively, were also provided.
These results show that several combinations of N and f s can provide good classification for both AF databases. Thereby, the overlapping effect between adjacent N -length windows on SampEn computation was tested only for two different combinations. Precisely, the test was developed for 
Selection of m and r
For the two pairs of N and f s selected in the previous subsection, SampEn was computed using 
Discussion and Conclusions
The motivation of this study was based on the fact that no generalized guidelines exist for the selection of m, r and N when SampEn has to be applied to biomedical data. In this respect, only some values of m and r have been recommended and widely used for heart rate regularity analysis [1, 9, 10] and hormone secretion data [11] . On the other hand, Lewis et al [30] analyzed the optimal parameters when SampEn was applied to estimate the regularity of QT time series during rest and exercise.
Additionally, similar studies were developed to characterize surface electromyographic signals [31] and the variability of respiratory patterns [32] . Anyway, a survey on the optimal parameters selection is recommended for the application of SampEn to not previously analyzed biomedical signals.
The results presented in Tables 1, 2 , 3 and 4 showed that, for a given N , when f s was double and higher than 128 Hz, SampEn was approximately reduced by a half. To elucidate a possible explanation of this fact, it is obvious that the higher the f s , the lower the temporal distance between consecutive samples acquired from the original signal. As a consequence, the probability of finding equal patterns (i.e. with a distance lower than r) will increase, because the signal variation from sample to sample will be reduced. In addition, for f s of 256 Hz and above, the differences between each subset, both for paroxysmal and persistent AF, were maintained independently of N . On the other hand, for a specific f s higher than 128 Hz, when N increased, SampEn also increased up to a reduced variation point. However, this behavior was not observed for f s = 128 Hz and below. In this case, SampEn showed random variations with N and a reduced diagnostic accuracy was also noticed.
Overall, a first recommendation is that the MAW sampling rate should be equal or higher than 256 Hz for an appropriate AF organization evaluation with SampEn.
On the other hand, considering the reduced variation point of N (SampEn variation < ±5%)
where a constant accuracy was reached for both AF types (92% for paroxysmal and 79.37% for persistent), a clear relationship between N and f s can be elucidated for all of these situations. As the time period analyzed with SampEn, T , is the proportion between N and f s , for all these cases we have that T = Regarding overlapping between adjacent N -length windows, SampEn only presented slight variations with all the tested factors. Thereby, other finding that merits consideration for the application of SampEn is that no accuracy improvement was provided by overlapping. As a consequence, it can be avoided to reduce computational cost.
With regard to optimal values for m and r, developed experiments showed that a high diagnostic accuracy (92% for paroxysmal and 79.37% for persistent AF) can be reached through several combinations. Therefore, not only one, but several combinations of m and r can classify AF events with very good accuracy. However, the region outlined by these combinations was notably independent on the values of N and f s and on the type of analyzed AF episodes, since slight differences in m and r were only noticed for all the cases. In addition, it is noteworthy that this region was considerably larger than the one typically recommended in the literature [9] , because it was approximately delim-ited by 1 ≤ m ≤ 5 and 0.1 ≤ r ≤ 0.6. Nevertheless, these results prove that previous works used adequate values for the SampEn parameters in the estimation of AF organization [3] [4] [5] . However, a better diagnostic precision could be reached for each prediction (96% for paroxysmal and 82.54% for persistent AF) with a combination of m and r placed within the wider indicated region. An interesting observation is that optimal values reporting the highest diagnostic accuracy were dissimilar depending on the combination of N and f s and on each type of AF. As a consequence, it can be suggested that the optimal combination of m and r has to be searched, within the proposed range, before the first application of SampEn to a non-previously analyzed database. This should only be made with very few recordings of that new database. In this way, the highest predictive ability will be reached.
Nevertheless, as global conclusion of the developed tests, it could be suggested that the selection of m between 2 and 3 and r between 0.3 and 0.4 would probably yield optimal classification results in most of the situations related to AF.
As indicated in Section 1, a previous work has recently shown that the selection of a low r, between 0.1 and 0.2 times the SD, can lead to an incorrect regularity estimation with ApEn on fast dynamic signals [12] . To circumvent this limitation, Lu et al [12] proposed to choose the r that maximizes ApEn for each analyzed signal. In addition, the authors provided the equations needed to estimate automatically the recommended r for m = 2, m = 3 and m = 4. With the objective of analyzing if a better classification could be reached for both predictions, SampEn was computed making use of the r value provided by the proposed equations and m = 2, 3 and 4. This experiment was developed for the two combinations of N and f s used in previous tests. In both combinations, accuracy was 88% for spontaneous AF termination prediction and 76.19% for ECV result, independently of the used m value. In this case, cross-validation provided a correct classification of 86% and 76.19% of grouped cases, respectively. This observation leads to the conclusion that selecting the r that maximizes SampEn is inappropriate for AF organization evaluation, because other values of r will provide better classification outcomes.
A possible limitation of this study could be the use of paroxysmal and persistent AF recordings sampled at a fixed rate of 128 Hz and 1024 Hz, respectively, since upsampling involves interpolation and could provoke an overestimation of the analyzed time series regularity with SampEn. Initially, it would be preferable to digitize the recordings directly at the different sampling rates analyzed in the study. Other alternative could be to use the highest studied sampling rate and only apply downsampling operations to both databases. In any case, the effect of interpolation was tested by comparing SampEn between downsampled and interpolated ECV signals for each sampling rate.
Results yielded a relative difference in SampEn between both sets lower than 0.085% in the worst case. As a consequence, it can be considered that the interpolation operation does not alter the result A final reflexion that has to be addressed is the kind of optimization achieved through the proposed methodology. In fact, the study presented herein optimizes SampEn parameters to maximize classification performance in different scenarios and databases of AF. However, the specific events which are classified are directly associated to measurable differences in AF organization, as discussed in [3-5, 21, 25] . Hence, it can be considered that the achieved results also maximize the estimation of AF organization via SampEn. In other words, the consequence of a method able to estimate robustly AF organization will be the ability to distinguish successfully between terminating and non-terminating paroxysmal AF patients and between successful and unsuccessful AF ECV patients.
To summarize, the present study has demonstrated that the selection of m, r and N plays a critical role in determining the outcome of SampEn when applied to physiological time series. Overall, this work has studied optimal parameters to apply SampEn as an AF organization estimator. The authors consider that both the methodology and the outcomes provided by this study could serve as a startup 
